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ABSTRACT: The direct synthesis of hydrogen peroxide (H2 + O2 → H2O2) may enable low-cost H2O2 production and reduce 
environmental impacts of chemical oxidations. Here, we synthesize a series of PdAux nanoparticles (where 0 ≤ x ≤ 220, ~10 
nm) and show that, in pure water solvent, H2O2 selectivity increases with the Au to Pd ratio and approach 100% for Pd1Au220. 
Analysis of in situ XAS and ex situ FTIR of adsorbed 12CO and 13CO show that materials with Au to Pd ratios of ~40 and greater 
expose only monomeric Pd species during catalysis and that the average distance between Pd monomers increases with fur-
ther dilution. Ab initio quantum chemical simulations and experimental rate measurements indicate that both H2O2 and H2O 
form by reduction of a common OOH*-intermediate by proton-electron transfer (PET) steps mediated by water molecules 
over Pd and PdAux nanoparticles. Measured apparent activation enthalpies and calculated activation barriers for H2O2 and 
H2O formation both increase as Pd is diluted by Au, even beyond the complete loss of Pd-Pd coordination. These effects impact 
H2O formation more significantly, indicating preferential destabilization of transition states that cleave O-O bonds reflected 
by increasing H2O2 selectivities (19 % on Pd; 95 % on PdAu220) but with only a three-fold reduction in H2O2 formation rates. 
The data imply that the transition states for H2O2 and H2O formation pathways differ in their coordination to the metal surface, 
and such differences in site requirements require that we consider second coordination shells during design of bimetallic 
catalysts.

1. Introduction 
Catalysts consisting of alloyed nanoparticles often provide 
higher rates or selectivities for desired reactions than re-
spective pure metal catalysts.1-4 Particularly significant ex-
amples of industrially relevant alloyed catalysts include 
PdAg5, 6 and PdPb7 for alkyne semihydrogenation, PtSn for 
alkane dehydrogenation,8 PdAu for vinyl acetate monomer 
synthesis,9 and PtRh for simultaneous NOx reduction and CO 
and hydrocarbon oxidation.10 Differences in catalytic reac-
tivity between monometallic and alloyed nanoparticles are 
frequently attributed to changes in the electronic structure 
caused by formation of heteronuclear metallic bonds or dif-
ferences in the number and identity of reactive metal atoms 
present in ensembles that form active sites for catalysis. 
These phenomena are denoted as electronic and geometric 
effects, respectively.2, 11-13 In addition, surfaces of alloy na-
noparticles expose multiple metallic elements that will pos-
sess distinct binding energies for reactive species, and the 
resultant changes in the coverage of catalytic intermediates 
may influence reaction rates.14 Differences in binding ener-

gies for adsorbates between the constitutive metals in an al-
loy can also cause the surface structures to change in re-
sponse to the chemical environment. For example, oxygen 
binds more strongly to Pd than Au, and therefore, oxidative 
treatments tend to enrich surfaces of PdAu materials with 
Pd atoms in comparison to surface in inert environments or 
vacuum.15-17 
Electronic effects of alloying on catalysis largely stem from 
changes in the d-band structure of metal surfaces due to, in-
ter alia, orbital rehybridization, charge transfer and tensile 
strain.1, 2, 13 The geometric effects of alloy formation in sur-
face chemistry arise when the inclusion of a second element 
disrupts monometallic ensembles of contiguous metal at-
oms, which alters the stability of adsorbed intermediates. 
Multidentate organic adsorbates and reactive intermedi-
ates strongly sense these differences because charge trans-
fer via M-O and M-C bonds between the surface and adsorb-
ates depend upon the elemental identity of the metal.18 The 
adsorption of CO on Pd and PdAu surfaces provides arche-
typal examples: Pd predominantly binds CO at two-fold 



 

bridge (µ2-CO) and three-fold hollow sites (µ3-CO), how-
ever, the disturbance of these ensembles drives CO to bind 
preferentially at atop sites (η1-CO) comprised of Pd atoms 
within PdAu alloys.19    
PdAu alloys provide catalytic rates and selectivities that ex-
ceed those of monometallic Pd or Au catalysts, however, as-
certaining the reasons for these differences remains a chal-
lenge. The formation of PdAu alloys modifies both the elec-
tronic and geometric structure of Pd, which has been 
demonstrated by investigations that involve X-ray photoe-
lectron spectroscopy (XPS),20-22 X-ray absorption spectros-
copy (XAS),20, 22-37 and Fourier transform infrared spectros-
copy (FTIR) of adsorbed CO.9, 19, 25, 28, 30, 32, 33, 37-46 These two 
effects are entangled and complicate the interpretation of 
data obtained by these methods, because the atomic com-
position and arrangement of PdAu alloy surfaces affects the 
electronic structure. Pd and Au are miscible and form a sub-
stitutional, exothermic alloy (-2 > ΔHmix > -9 kJ mol-1) for all 
compositions.47-49 As such, Monte Carlo simulations of PdAu 
materials predict the formation of significant numbers of 
isolated Pd monomers when the mole fraction of Au greatly 
exceeds that of Pd.50-52 Most results indicate that Pd atoms 
gain d-electrons as the Au contents in PdAu alloys increase.  
This conclusion agrees with clear evidence from ex situ 
XANES spectra that reveal a less intense whiteline at the Pd 
L3 edge for Pd1Au1 nanoparticles compared to monometallic 
Pd.22 Hence, numerous spectroscopic and computational in-
vestigation indicate that alloying Pd with Au modifies the 
electronic structure of Pd atoms in manners that seem rele-
vant for catalysis. 
In the limit of high Au to Pd ratios (e.g., Pd1Au220), Pd atoms 
at the surface of nanoparticles exist primarily as monomers, 
and these materials are denoted as PdAu single-atom alloy 
(SAA) catalysts.4  SAA nanoparticles of PdAu or other com-
binations of elements exhibit emergent electronic and geo-
metric properties described in recent publications.4, 53 Va-
lence band XPS spectra of Cu single-atoms in Ag54 and DFT 
calculations of electronic structure for a library of Pt, Pd, Ir, 
Rh and Ni single atoms in Au, Ag and Cu consistently show 
narrow d-bands in SAAs relative to pure metal caused by 
poor orbital hybridization due to a lack of homonuclear 
bonding materials.53  These narrow d-bands generally give 
rise to greater extents of charge transfer between metal sur-
faces and monodentate adsorbates and more exothermic 
adsorption.54 Consequently, these changes provide an op-
portunity to selectively destabilize multidentate surface in-
termediates relative to monodentate species, and thereby, 
significantly change rates and selectivities for catalytic re-
actions. Moreover, the formation of isolated active sites may 
reduce the translation entropy of adsorbates.55 Recent ex-
perimental studies show that PdAu SAAs give greater rates 
and selectivities than monometallic Pd or Au nanoparticles 
for alcohol oxidation,34 vinyl acetate synthesis,9 Ullmann 
coupling,44 and selective hydrogenations of alkenes and al-
kynes.40, 43  
PdAu alloys also form H2O2 more selectively during the di-
rect synthesis reaction (H2 + O2 → H2O2) than monometallic 
Pd and with much greater rates than Au.56, 57 All known cat-
alysts for direct synthesis form H2O2 by sequential oxygen 
reduction steps and produce water following irreversible O-

O bond rupture in chemisorbed dioxygen (O2*), hydroper-
oxide (OOH*), or hydrogen peroxide (H2O2*), such that O-O 
cleavage events always reduce H2O2 selectivities and 
yields.58 Common strategies to suppress O-O bond rupture 
and increase H2O2 selectivities involve the addition of pro-
moters such as CO2,56, 57 acids,59, 60 and halide ions like Br-61, 

62 and Cl-59.  Despite their frequent use, liquid-phase acid and 
halide promoters present drawbacks that include catalyst 
deactivation by metal dissolution (leaching),62 the need for 
corrosion resistant reactors, and challenges in purifying the 
product for downstream processes. An alternative strategy 
involves alloying the active metal (typically Pd or Pt) with 
another, ostensibly inert, metal to form bimetallic catalysts 
(e.g., PdAu,39, 41, 45, 56, 57, 62-64 PtAg,65 PdZn,60, 66 PdIn, 60, 66, 67  
PdGa, 60, 66, 67 PdSn, 60, 66 PdTe,68 and PdSb69).  Among these 
bimetallic catalysts, PdAu has received the most attention.   
Despite numerous investigations that report the production 
of H2O2 over PdAu nanoparticle catalysts, the molecular and 
kinetic basis for the increases in H2O2 selectivity and the 
quantitative relationship between rates and catalyst metal 
content remain controversial. Investigations consistently 
show that the addition of Au to Pd nanoparticles increases 
H2O2 selectivities. A fraction of the prior studies find that 
H2O2 formation rates and selectivities reach maximum val-
ues at mean atomic ratios of Pd to Au near two,39, 45, 62, 63, 70-

72 however, the remainder suggest that selectivities in-
crease monotonically with the ratio of Au to Pd.41, 45, 57  
Different explanations for the method by which Au confers 
greater H2O2 selectivities to PdAu catalysts accompany each 
of these varied observations.  First, differences in selectivi-
ties may arise from charge transfer between Au and Pd, 
which results in changes to the electronic structure of the 
exposed Pd atoms. This interpretation seems consistent 
with a recent study from our group that shows activation 
enthalpies for both H2O2 and H2O formation increasing from 
-3 to 17 kJ mol-1 and 11 to 32 kJ mol-1, respectively, across a 
series of catalysts with metal contents varying between 
monometallic Pd and Pd1Au13, which correlates with an in-
crease in H2O2 selectivity from 23% to 60%.41 These consid-
erations agree also with the proposal that Au increases H2O2 
selectivity by increasing the oxidation state of Pd based 
upon comparisons of kinetic data to ex situ XPS measure-
ments of untreated Pd and PdAu materials,73 yet contradicts 
findings from DFT and XANES (vide supra). Experimental 
studies typically utilize chloride precursors for Au, which 
leave detectable levels of Cl-species that tend to oxidize 
metal atoms and impact reactivity.61, 73 Second, comparisons 
between in situ X-ray absorption spectroscopy (XAS) and 
rate and selectivity measurements have been taken as evi-
dence that the greater H2O2 selectivity of PdAu catalysts re-
sults from the suppression of a Pd hydride phase, which has 
been proposed to be less selective to H2O2 formation than 
metallic Pd.64, 74 Rate measurements performed at low con-
version and with in situ XAS75 show that 9  nm nanoparticles 
of Pd atoms give much greater H2O2 selectivities when these 
exist as β-PdHx (55% to H2O2) compared to when these 
same nanoparticles reside in a metallic state (22% to H2O2) 
nanoparticles. Third, critical reviews of literature suggest 
that the dilution of Pd by Au may be responsible for the in-
creases in selectivity49, 76 but little direct experimental evi-
dence supports this hypothesis or describes if the origin of 



 

these changes are electronic or geometric effects.  Fourth, 
and finally, the addition of Au and the changes in surface 
composition may alter the mechanisms for H2O2 or H2O for-
mation or the identities of the most abundant reactive inter-
mediate present at common conditions as electrochemical 
oxygen reduction reaction pathways may change with cata-
lyst or applied potential.77, 78 Few studies have tested all of 
these hypotheses, and none have examined the possibility 
that reasons for the rise in H2O2 selectivity may change 
along with the Au to Pd ratio and prevailing surface motifs. 
Here, we determine how Au increases selectivities for H2O2 
formation by comparing results from steady-state measure-
ments of H2O2 and H2O formation rates on a series of highly 
uniform Pd1Aux nanoparticle (x = 0, 3, 18, 37, 50, 220) cata-
lysts, detailed characterization of the structure of these na-
noparticles obtained from in situ XAS and ex situ FTIR of ad-
sorbed CO, and ab inito calculations of plausible reaction 
pathways on representative model surfaces. These findings 
show that the elementary steps and intermediates for these 
reactions remain constant for Pd and all PdAux materials de-
spite large differences in rate, selectivities and apparent 
barriers for H2O2 and H2O formation. These changes clearly 
correlate with reductions in the Pd-Pd coordination num-
ber, and at higher Au to Pd ratios, the distance between Pd 
monomers.  Experimental measurements and DFT results 
agree quantitatively and demonstrate that differences be-
tween activation enthalpies for the formation of H2O2 and 
H2O increase with the ratio of Au to Pd on nanoparticle sur-
faces. Those enthalpic barriers for H2O formation increase 
by ~ 60 kJ mol-1 across this series of materials, however bar-
riers for H2O2 formation change by only 20 kJ mol-1. The dif-
ferences among these barriers lead the H2O2 selectivities 
that approach 100% for the greatest Au to Pd ratios.  The d-
band structure of Pd evolves with the dilution of Pd in the 
PdAu(111) surfaces, which prevents complete deconvolu-
tion of electronic and ensemble effects. While the d-band 
structure of Pd(111) differs significantly from all 
PdAux(111) surfaces examined, the differences among the 
densities of states upon Pd for the PdAux(111) models are 
comparatively small and imply that selectivity improve-
ments depend most directly on changes in geometric struc-
ture despite the necessary covariance of electronic and ge-
ometric structures. These comparisons provide compelling 
evidence that the increased selectivities for H2O2 reflect the 
differences between the active site requirements (i.e., en-
semble size) for the transition states that form H2O2 and 
H2O, which identifies the isolation of monomeric active sites 
as a catalyst design strategy to increase H2O2 selectivity. 
 
2. Materials and Methods 
2.1. Synthesis of SiO2 Supported Au Nanoparticles 
Silica (Sigma-Aldrich, Davisil 646, 35-60 mesh) was used as 
received.  Au nanoparticles were deposited by a method 
that involved strong electrostatic adsorption of Au eth-
ylenediamine complexes that form spontaneously following 
the combination of HAuCl4 (Sigma-Aldrich, >49 wt% Au) 
and ethylene diamine (Sigma-Aldrich, >99%) in deionized 
(DI) water (>17.8 MΩ cm resistivity).  Au-SiO2 (2.0 wt %) 

was prepared by dissolving HAuCl4 (1.6 g) and ethylenedia-
mine (5 cm3) into DI water (100 cm3)with the intent to ex-
change Cl- ligands on Au for ethylenediamine ligands.19, 33, 79-

82 A dark brown precipitate forms following the addition of 
ethylenediamine, however, the precipitate dissolves with 
stirring at ambient temperature and yields a clear orange 
solution. In a separate beaker, silica (40 g) was added to a 
solution of deionized water (600 cm3) and concentrated 
NH4OH (100 cm3; Macron, 28-30% NH4OH). The clear solu-
tion containing gold-ethylenediamine complexes was 
added to the basic solution containing SiO2, and the result-
ing mixture was stirred continuously with a plastic spatula 
for 10 minutes, followed by intermittent stirring every 10 
minutes for 1 h to provide time for cationic Au-ethylenedia-
mine complexes to adsorb to anionic moieties on the silica 
surface. The solids were filtered, washed with DI water (40 
cm3 g-1) and vacuum filtered to recover the damp solids.  
These solids were heated in a flowing (200 cm3 min-1) mix-
ture of H2 (20 kPa; Airgas, UHP) and He (81 kPa; Airgas, 
UHP) to 413 K at 3 K min-1 in a tube furnace and held at 413 
K for 90 min with the intent to evaporate water and reduce 
the Au-complexes to form uniform Au nanoparticles on sil-
ica.  Samples containing different amounts of Au on silica 
were prepared by analogous procedures in which the ratio 
of HAuCl4 to ethylenediamine and the volume of the basic 
solution remained constant, but the quantity of Au and silica 
were changed to achieve the desired Au content. 
 
2.2. Electroless Deposition of Pd onto Supported Au Na-
noparticles 
Pd was selectively deposited onto the existing Au nanopar-
ticles by electroless deposition from aqueous Pd(NO3)2 
(Sigma-Aldrich, ~40% Pd) in an ice bath (~273 K).66, 83, 84. In 
a typical synthesis, Au-SiO2 (5 g) was soaked for 10 minutes 
with DI water (150 cm3) and decanted five times to remove 
a yellow leachate. The washed solids were transferred to a 
spinner flask with a suspended magnetic stir bar (used to 
minimize attrition of the silica particles), placed in an ice 
bath, and then allowed to cool for 30 minutes.  Subse-
quently, an aqueous solution of Pd(NO3)2 (≤ 0.2 mM Pd(N-
O3)2) freshly prepared using chilled DI water (150 cm3) was 
added. The mixture was blanketed with H2 (101 kPa H2, 50 
cm3 min-1; Airgas, UHP) and constantly stirred.  After con-
tinuous stirring and exposure to the blanket of H2 gas for 3 
h, the supernatant was decanted. The solids were soaked in 
deionized water (30 cm3 g-1) and decanted three times and 
then dried in stagnant air at 323 K for 12 h. 
These specific conditions for electroless deposition were se-
lected to maximize the fraction of Pd that deposits selec-
tively onto supported Au nanoparticles and not elsewhere 
(e.g,. the gas frit, or homogeneous precipitate). Note, we did 
not bubble H2 into the suspension with a gas dispersion 
tube, because  this procedure invariably deposited Pd onto 
the frit of the dispersion tube. In preliminary experiments, 
we observed that aqueous Pd(NO3)2 reduces readily in con-
tact with H2 to form monometallic Pd colloids in the absence 
of Au-SiO2. Nucleation theory predicts this process depends 
superlinearly on the concentration of Pd-species,85 while 
rates of electroless deposition are linear with precursor



 

Table 1. Mean Particle Sizes and Compositions of Pd and PdAux Catalysts  

Catalyst 〈𝑑𝑑〉𝑆𝑆  
(nm)a 

〈𝑑𝑑〉𝑁𝑁  
(nm)b 

Standard 
Deviation 

(nm) 

Au Con-
tent 

(wt%)c 

Pd Content 
(wt%)c 

Atomic 
Ratio of 

Au to Pdc 

Pd 3.9 3.3 1.0 - 0.052 0 

Pd1Au3 8.6 6.7 2.8 0.48 0.088 3 

Pd1Au18 9.5 7.3 2.8 2.0 0.059 18 

Pd1Au37 9.6 7.2 2.9 2.1 0.030 37 

Pd1Au50 9.4 7.5 2.7 2.1 0.022 50 

Pd1Au220 9.5 7.1 3.0 4.6 0.011 220 
a Determined by analysis of transmission electron microscopy images using Equation 1, b Simple average of particle sizes 
obtained by analysis of transmission electron microscopy images, cDetermined by ICP-OES (Galbraith) 
 
concentration and involve catalytic activation of H2 on the 
pre-existing metal (i.e., Au) nanoparticles.84 In addition, we 
anticipated that activation barriers to nucleate homogenous 
Pd particles would be greater than for Pd(NO3)2 reduction 
and deposition on Au surfaces.  Consequently, we chose to 
minimize the temperature and lower Pd precursor concen-
tration during the electroless deposition process to favor 
the deposition of Pd onto Au nanoparticles.  As such, we 
used low Pd concentrations (≤0.2 mM Pd(NO3)2) and low 
temperatures (~273 K).  
 
2.3. Synthesis of SiO2 Supported Pd Nanoparticles 
Monometallic Pd nanoparticles were formed on silica (0.05 
% wt Pd-SiO2) by a synthesis procedure that involves strong 
electrostatic adsorption.86 An aqueous solution of Pd(NO3)2 
was prepared with DI water (4.7 mM, 20 cm3).  In a separate 
beaker, silica (20 g) was added to a mixture of DI water (350 
cm3) and concentrated NH4OH (50 cm3).  The Pd(NO3)2 so-
lution was added to the basic solution containing silica and 
stirred manually once every 30 min for 3 h. The solids were 
recovered, dried by vacuum filtration, and washed with DI 
water (500 cm3).  Subsequently, the solids were loaded into 
a quartz boat and heated to 673 K at 3 K min-1 in a flowing 
mixture of H2 and He (20 kPa H2, 81 kPa He, 100 cm3 min-1) 
in a tube furnace and held at 673 K for 3 h. 
Nanoparticles of Pd (e.g., 1-2 nm diameters) on silica ag-
glomerate over the course of 8-10 hr during the direct syn-
thesis reaction and form distributions of nanoparticles with 
larger mean diameters.75 Therefore, we characterized mon-
ometallic Pd-SiO2 by FTIR and TEM (vide infra) following 
steady state catalysis at relevant conditions (55 kPa H2, 60 
kPa O2) for extended periods (> 12 h).  
 
2.4. Analysis of Nanoparticle Sizes by Transmission 
Electron Microscopy and Volumetric CO Adsorption 
The particle size distributions for each catalyst were evalu-
ated by bright-field transmission electron microscopy using 
a JEOL 2010 LaB6 operating at 200 kV. Samples were pre-
pared by grinding the catalyst into a fine powder and dust-
ing the powder onto copper-holey carbon TEM grids. Sur-
face-averaged mean particle sizes were calculated using 
 

  〈𝑑𝑑〉𝑆𝑆 = ∑ 𝑑𝑑𝑖𝑖
3𝑁𝑁

𝑖𝑖=1
∑ 𝑑𝑑𝑖𝑖

2𝑁𝑁
𝑖𝑖=1

    (1) 

 
where di is the measured diameter of nanoparticle i and N is 
the total number of nanoparticles measured for any sample 
(N > 300). Conversely, number-averaged mean particle 
sizes, 〈𝑑𝑑〉𝑁𝑁, are calculated as the simple average. Both values 
as well as the standard deviation for each catalyst are re-
ported in Table 1. Surface-averaged calculations of mean 
particle size are more appropriate for catalysis applications 
because catalysis occurs at the nanoparticle surface. As 
such, surface-averaged diameters are used to estimate the 
numbers of surface atoms in each sample. Figure 1 presents 
a representative TEM image of the Pd1Au50 catalyst along 
with the particle size distribution for this material. The cor-
responding TEM images and particle size distributions for 
all other samples are presented in the Supporting Infor-
mation (SI) (Section S3).  Values of 〈𝑑𝑑〉𝑆𝑆 for all PdAux cata-
lysts are similar, which indicates that differences in catalytic 
properties cannot be explained by differences between the 
size of nanoparticles.  

 



 

Figure 1. Representative TEM image of a Pd1Au50 nanopar-
ticle showing lattice fringes consistent with Au(111). Inset 
shows particle size distribution for this catalyst. 

2.5. Characterization of Catalysts by Fourier Transform 
Infrared Spectroscopy of Adsorbed CO  
The relative numbers of Pd and Au atoms exposed on each 
nanoparticle, the type of atoms to which these were coordi-
nated, and differences between the electronic states of sur-
face Pd atoms were examined by comparisons of FTIR spec-
tra of adsorbed 12CO and mixtures of adsorbed 12CO and 
13CO. Samples were prepared by grinding catalysts (~ 60 
mg) into a fine powder and pelletizing the powder into self-
supporting ~20 mm diameter discs using a laboratory hy-
draulic press (Carver, Model C). These discs were set be-
tween two stainless steel retaining rings and loaded into a 
custom-built transmission IR cell with CaF2 windows, de-
scribed previously.41, 65, 87-89 The cell was sealed by com-
pressing natural graphite ferrules (Chromalytic Technology 
Pty. Ltd.) with another stainless steel retaining ring on the 
cell exterior. Gaseous H2, 12CO, He, and O2 were introduced 
to the cell by digital mass flow controllers (Alicat, MC Se-
ries) mounted to a gas-handling manifold connected to the 
cell.  In comparison, 13CO (Sigma-Aldrich, 99% 13C, <5% 18O) 
was introduced by pulses from a custom-mixed lecture bot-
tle (10% 13CO in He). A short length of steel tubing was pres-
surized and each pulse of 13CO-He was released by briefly 
opening a ball valve.  
Prior to adsorption of CO, all catalysts were pretreated in a 
combination of reductive and oxidative conditions to re-
move adventitious organic species and water. PdAux cata-
lysts were pretreated by heating to 573 K at 10 K min-1 in a 
flowing stream (30 cm3 min-1) of O2 (20 kPa) and He (81 
kPa) and holding at 573 K for 1 h before cooling to 303 K in 
pure He. Samples were annealed in CO by heating to 383 K 
at 10 K min-1 under flowing CO (1 kPa) and He (100 kPa), 
holding at 383 K for 1 h and cooling to 313 K still within 1 
kPa CO.  Monometallic Pd catalysts were pretreated by heat-
ing to 573 K at 10 K min-1 in a flowing stream (30 cm3 min-

1) of H2 (20 kPa) and He (81 kPa) and holding at 573 K for 1 
h.  The flow of H2 was stopped and the sample was held un-
der pure He flow (30 cm3 min-1) for 30 min before cooling 
to 303 K under He. 
Singleton frequencies (ν0(13C=O)) were measured by exam-
ining a series of infrared spectra of catalysts with surfaces 
saturated by mixed adlayers of 13CO-12CO with a wide range 
of 13CO to 12CO ratios at 303 K.  This was achievd by first 
saturating the catalyst surface in 13CO and incrementally 
dosing small amounts of 12CO through short pulses with an 
MFC (0.01 cm3 min-1). Surface coverages were estimated 
from peak intensities and peak centers were measured di-
rectly from the spectra. The metal loading and dispersion 
for 0.05 wt% Pd-SiO2 material was too small for reliable sin-
gleton frequency measurement, so a 1.0 wt % Pd-SiO2 ma-
terial was synthesized by similar methods and sintered by 
calcination at 673 K for 4 h in air.86 The 0.05 wt% and 1.0 
wt% Pd-SiO2 materials have similar surface-averaged mean 
diameters (~4 nm; Figure S3.1), though the 1.0 wt% cata-
lyst does show a broader distribution. The two materials 
also show similar η1-CO*Pd peak centers (Figure S6.3), which 
suggests that the singleton frequency measurement of the 

1.0 wt% material is be sufficiently representative of the 0.05 
wt% material, especially when compared to PdAux. 
 
2.6. Steady-State Formation Rate Measurements 
Rates of H2O2 and H2O formation were measured using a 
packed-bed reactor system that provides plug-flow hydro-
dynamics, as described elsewhere.41, 65, 66, 86 Catalyst (100-
1000 mg) and SiO2 (0-900 mg, for a total of 1000 mg catalyst 
and SiO2) were loaded into a jacketed stainless steel reactor 
in between supporting glass wool and 4 mm diameter glass 
rods. Reactant gases (25% H2 balance N2 and 5% O2 balance 
N2 or 5% H2 balance N2 and UHP Air) were introduced to the 
system using digital mass flow controllers (Parker) and 
mixed with a stream of deionized and degassed H2O (35 cm3 
min-1, >17.8 MΩ cm under Ar flow) fed in by an HPLC pump 
(SSI, M1-Class). Reaction temperatures were controlled us-
ing a refrigerated recirculating bath (Fisher Scientific, 
Isotemp) to flow a 50% v/v aqueous ethylene glycol solu-
tion through the reactor cooling jacket and monitored by a 
k-type thermocouple embedded in the reactor jacket. The 
reactor pressure was set by a back-pressure regulator (BPR, 
Equilibar, EB1LF1-SS316) controlled by an electronic pres-
sure reducer (EPR; Proportion Air, QB1S). The reactor efflu-
ent was split into a gas and a liquid stream using a polyvinyl 
chloride gas-liquid separator. The H2 conversion was meas-
ured by analysis of the gas stream by gas chromatography 
(Agilent, 7890, TCD, Ar carrier and reference gas) with a 
packed column (Sigma-Aldrich, 3 m x 2.1 mm, molecular 
sieve 5A) and using N2 as an internal standard. Samples 
were taken every 10 min from the liquid stream using an 
electronically actuated valve (Banjo Corp., LEV025PL) to 
deliver liquid to an electronic 10-port valve (Vici) which in-
jected 1.0 cm3 of sample along with 1.0 cm3 of a colorimetric 
indicator (6 mM neocuproine, SageChem, ≥98%; 4.1 mM 
CuSO4, VWR, ≥98%; 25% v/v ethanol, Decon Laboratories 
Inc., 100%) into test tubes held in an automated fraction 
collector (Biorad, 2110). The samples were then analyzed 
by a visible light spectrometer (Spectronic, Genesys 20, 454 
nm) to determine H2O2 concentrations by comparison with 
calibration curves obtained using samples of known H2O2 
concentration. 
The effects of H2 and O2 pressure or temperature on product 
formation rates were only examined after achieving steady-
state conversion for each sample, which was defined as 
when selectivity became invariant with time on stream 
(typically > 3 h). In this study, selectivity is defined as the 
measured rate of H2O2 production divided by the rate of H2 
consumption. 
Catalyst deactivation was corrected for by linear interpola-
tion of time-on-stream data. Deactivation was typically 
small (~1% hr-1). Analysis of spent PdAu catalysts provide 
no evidence of leaching or sintering with time-on-stream. 
Further, in situ XAS indicates that the catalysts restructure 
on a short (< 1 h) timescale, therefore, catalyst deactivation 
cannot be caused by replacement of surface Pd with Au. 
Trace organic contaminants (~1 nM) present in the solvent 
may be responsible for the loss of rates. Turnover rates for 
H2O2 and H2O formation were obtained by normalizing 
measured product formation rates by the number of Pd at-
oms exposed at the surface of nanoparticles (Pds).  Mono-
metallic Au nanoparticles form negligible  quantities of H2O2 



 

under these conditions (Figure S4.1), likely because Au does 
not activate H2 readily at these conditions.90 Consequently, 
we conclude that exposed Pd atoms participate in the kinet-
ically relevant steps for both H2O2 and H2O formation. To es-
timate the value of Pds for each catalyst, we used dispersion 
values calculated from TEM-derived mean cluster diame-
ters and assumed that Pd completely segregates to the sur-
face of the nanoparticles during catalysis. 
 
2.7. X-ray Absorption Spectroscopy Analysis of Pd Coor-
dination 
The electronic properties and local structure of Pd and 
PdAu catalysts were evaluated by X-ray absorption near 
edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) measurements at the Pd K-edge (24350 
eV) obtained using a 100-element Ge monolith fluorescence 
detector (Canberra) at Beamline 9-3 of the Stanford Syn-
chrotron Radiation Light Source (SSRL). This beamline is a 
16-pole, 2-Tesla wiggler side station with vertically colli-
mating mirror for harmonic rejection and a cylindrically 
bent mirror for focusing. The photon energy was selected 
using a liquid-nitrogen-cooled, double-crystal Si (220) f = 
90° monochromator to scan between 24,100-25,100 eV. 
The catalyst (100 mg) was crushed to 80-120 mesh and 
loaded into a glassy carbon reactor (4.1 mm inner diameter, 
HTW Hochtemperatur-Werkstoffe GmbH) using glass wool 
as a mechanical support. The glassy carbon reactor was in-
serted into an in situ XAS cell91 affixed to a manifold used to 
deliver either gas (H2, O2) or H2O (10 cm3 min-1) saturated 
with gas (H2, O2).75  The gas composition was controlled by 
mass flow controllers (Parker Porter, 601), which allowed 
gas to flow through gas dispersion frits (40-60 μm) into two 
pressurized saturation units (Swagelok, 304L-HDF8-2250) 
filled with deionized H2O that could be operated at pres-
sures above 6 MPa. Two HPLC pumps (SSI, M1 Class) were 
used to mix streams of saturated H2O from each reservoir 
and deliver the mixed stream containing the desired con-
centrations of H2 and O2 to the cell. The pressures of each 
saturator and the in situ cell were controlled independently 
by dedicated back-pressure regulators (Andon Specialties, 
BP3-1A11QCK11L). The XAS data for the monometallic Pd 
catalyst are adapted from prior work,75 which used a Pd-
SiO2 catalyst synthesized in a similar manner and with com-
parable metal loadings. 
All XAS measurements were made at room temperature. 
Prior to XAS measurements under H2O2 synthesis condi-
tions, catalysts were scanned in ambient air. Each in situ 
measurement was initiated by subsequently introducing 
H2- and O2-saturated water to the reactor via  the HPLC 
pumps. A minimum of three spectra were collected at each 
set of conditions, and the spectra found to be at steady-state 
were merged and aligned using Pd foil reference spectra 
collected simultaneously. Values of χ(k) were obtained by 
subtracting smooth atomic background from the normal-
ized absorption coefficient using the AUTOBK code (where 
k is the photoelectron wave number). The theoretical EXAFS 
signal for Pd-O, Pd-Pd, Pd-Au scattering paths were con-
structed using the FEFF6 code.92 A fcc crystal structure with 

a lattice constant of 3.89 Å was used to model Pd. The Pd-
Au structure was constructed by replacing all the Pd atoms 
in the first shell of the Pd fcc structure by Au atoms. A Pd 
acetate trimer structure was used for Pd-O.93 The 
theoretical EXAFS signals were fitted to the data in R-space 
using the Artemis program of the Demeter package using 
simultaneous k-weights of 1, 2, and 3. The spectra were 
fitted by varying the coordination number of the single 
scattering Pd-O and Pd-M paths (where M = Pd, or Au), the 
bond length disorder, the effective Pd-O/M scattering 
lengths and the correction to the threshold energy, ΔE0. The 
value for the passive electron reduction factor (S02) was 
obtained by first analyzing the spectrum for a Pd foil, and 
the best fit value (0.76) was fixed during the fitting. The k-
range used for fourier transform of the χ(k) was 2.6-13 Å-1 
and the R-range for fitting was 1.2-3.1 Å. The best parame-
ters fit using k-weights of 1, 2, 3 (simultaneously) in Artemis 
are reported, however, the results were similar to those us-
ing only a k-weight of 2. Additionally, the k-range did not 
have a significant effect on the best fit values of the model 
fit but did affect their uncertainties. 
 
2.8. Computational Methods 
First-principle density functional theory calculations were 
carried out to determine the energetics for the elementary 
adsorption, desorption and surface reaction paths for H2O2 
and H2O formation over PdAu alloy surfaces within aqueous 
media. The calculations in the condensed phase were car-
ried out using a density of ~1 g cm-3 for water in the unit cell. 
Ab initio molecular dynamics simulations were carried out 
for greater than 5 ps to allow the explicit water molecules 
to relax around the reacting molecules and generate stable 
reactant structures. These low energy structures along the 
molecular dynamics’ trajectory were used to establish rep-
resentative model structures to conduct subsequent static 
density functional theory (DFT) calculations to determine 
the reaction energies and activation barriers. 
All of the simulations were carried out using plane wave 
DFT as implemented in the Vienna ab-initio simulation pro-
gram (VASP).94-96 Plane waves were constructed with an en-
ergy cutoff of 396 eV along with projector augmented wave 
potentials (PAW) to model interactions between core and 
valence electrons.97, 98 The generalized gradient approxima-
tion (GGA) along with the Perdew-Burke-Ernzerhof (PBE) 
functional were used to determine the exchange and corre-
lation gradient corrections and D3 method of Grimme was 
used to characterize van der Waals interactions and capture 
the dispersive interactions in the local environment.99-101 
Wavefunctions were optimized in a self-consistent manner 
and converged to within 10-6 eV using a Gamma centered 3 
x 3 x 1 k-point mesh grid. The atomic positions were opti-
mized and converged to a point where the maximum force 
on each atom was less than 0.1 eV Å-1. A two-step approach 
was used to isolate the transition states and calculate the 
activation barriers. 

 



 

 
Figure 2. Pd atom distributions on Au (111) slabs that include (a) equilateral closed-packed Pd trimers, (b) open Pd trimers, 
(c) Pd dimers, (d) paired Pd monomers with six Pd next-nearest neighbors (NNN=6), (e) paired Pd monomers with three Pd 
next-nearest neighbors (NNN=3), and (f) isolated Pd monomers with exclusively Au atoms at nearest and next-nearest neigh-
bor positions (NNN = 0). 
 
The first step used the climbing nudged elastic band (NEB) 
method to optimize the energies for a series of structures 
along the reaction path using a force tolerance of 0.1 eV Å-1. 
The highest energy structures were subsequently used as 
input to dimer method to isolate the transition state struc-
tures and were converged until the forces dropped below 
0.08 eV Å-1.102-104 
 
2.9. Creation of Model Surfaces 
To discern the catalytic consequences of isolating Pd atoms 
in Au, reaction energies and activation barriers for the for-
mation of H2O2 and H2O (by decomposition of OOH*) from 
H2 and O2 on six different surfaces comprised of Au and Pd 
atoms were calculated. Figure 2 shows the model surfaces 
examined, which include predominantly Au slabs that con-
tains Pd trimers (Figures 2a-2b) or dimers (Figure 2c) and 
three different forms of Pd monomers (Figures 2d-2f). Com-
parisons between reaction energies and barriers calculated 
on these surfaces reflect the effects of differences in the 
nearest-neighbor Pd-Pd coordination number (NN, 1 ≤ NN 
< 2) and in the next nearest-neighbor Pd-Pd coordination 
number (NNN, 0 ≤ NNN ≤ 6) on O2 reduction. Among these 
models, a single Pd atom with NN and NNN values equal to 
zero (Figure 2e) was selected to represent the behavior of 
the most dilute PdAux surfaces.  
While previous studies suggest that high coverages of oxy-
gen on Pd surfaces significantly modify energy barriers to 
promote H2O2 formation,75, 105, 106 in situ characterization of 
PdAu surfaces (Section 3.2) suggests that such high cover-
ages do not form under the studied conditions. Additionally, 
the differing numbers of Pd atoms in the model slabs (Fig-
ure 2) complicate consistent interpretation of coverage ef-
fects for all coverages other than zero; as such reaction bar-
riers and energetics are calculated considering an other-
wise empty surface. 
All calculations were carried out using periodic slabs con-
sisting of a 3 x 3 unit cell with four layers of the Au(111) 
surface by replacing surface Au atoms with Pd atoms ac-
cording to the above description and optimizing the metal 
slab before adding the solvent layers. The bottom two layers 
of the slab were held fixed at bulk positions of the Au lattice, 
while the top two layers were allowed to relax fully. A vac-
uum region of ~15 Å between the topmost and bottom 
metal layers was used in all the condensed phase calcula-
tions to allow the solvent molecules to relax. 
The densities of states (DOS) for the  different surfaces ex-
amined herein were calculated in two steps. In the first step, 
structural optimizations and single point energy calcula-
tions for the slab were carried out using a k-point grid of 6 
x 6 x 1 with an energy convergence of 10-6 eV and until the 

force on each atom was below 0.05 eV. In the second step, 
the DOS was calculated using a higher k-point grid of 12 x 
12 x 1. The d-band center reported was calculated as the 
first moment of the d-band. The data for a Pd(111) surface 
are adapted from reference 75, which employed identical 
methods to calculate DOS. 
3. Results and Discussion 
3.1. Effect of Au to Pd Ratio within Nanoparticles on 
Rates and Selectivities for H2O2 Formation 
To understand the effects of dispersing Pd atoms on Au na-
noparticles, we measured primary H2O2 formation rates and 
selectivities across the series of uniform Pd and Pd1Aux na-
noparticle catalysts (0 ≤ x ≤ 220) supported on silica. Figure 
3 shows that both turnover rates for H2O2 formation and the 
H2O2 selectivities depend on the atomic ratio of Au to Pd 
across this series of catalysts (55 kPa H2, 60 kPa O2, 286 K). 
H2O2 turnover rates decrease by three-fold (0.37 to 0.12 mol 

H2O2  mol Pds-1 s-1) across this range of materials as the ra-
tios of Au to Pd increase. Measured turnover rates generally 
decrease but possess noticeable scatter with the addition of 
Au, which arises from significant uncertainty in estimates 
for the number of active sites on these materials (Support-
ing information section S5). To circumvent this complica-
tion, we focus primarily on kinetic parameters that do not 
depend upon estimates for the number of sites including 
H2O2 selectivities, apparent activation enthalpies, and 
changes in rates as functions of reactant concentrations. 
These decreases in H2O2 turnover rates coincide with a 
nearly monotonic increase in H2O2 selectivities ranging 
from 19 ± 1% for Pd to 95 ± 3% for Pd1Au220. Nanoparticles 
of Pd1Au3 deviate from this trend and provide H2O2 selectiv-
ities (15 ± 1%) slightly lower than monometallic Pd (19 ± 
1%); these Pd1Au3 nanoparticles predominantly expose Pd 
atoms at their surfaces with Au-rich subsurfaces, and there-
fore, possess significant surface Pd-Pd coordination (vide 
infra) with electronic modifications caused by the Au sub-
surface. Larger atomic ratios of Au to Pd (x > 18) provide 
significant increases in H2O2 selectivities, and this nonmon-
otonic trend suggests that Au influences the reactivity of Pd 
in multiple ways. These H2O2 selectivities are lower than 
previous reports of catalysts with similar elemental compo-
sitions,39, 41, 45, 56, 57, 107 which likely originates from differ-
ences in the experimental conditions (i.e., temperature, sol-
vent composition, promoters, reactor type). For example, 
many studies implement alcohol solvents and one or more 
forms of promoters (e.g., mineral acids59, 60  and halides59, 61, 

62) that frequently increase H2O2 selectivities but complicate 
fundamental investigations.  The results in Figure 3 suggest 
that the increases in primary H2O2 selectivities and de-
creases in turnover rates may reflect differences in the 



 

structural motifs of Pd active sites, the electronic character-
istics of these active sites, or the mechanism of the reactions 
that produce H2O2 and H2O among these six catalysts as a 
result of changes in the Au to Pd atomic ratio. We examine 
these possibilities using X-ray absorption spectroscopy, de-
tailed measurements of catalytic rate as functions of reac-
tant concentrations and temperature, and ab initio quantum 
calculations on representative model surfaces in the pres-
ence of the solvent.  
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Figure 3. Steady-state H2O2 turnover rates (■) and primary 
H2O2 selectivities (●) for PdAux catalysts with a range of Au 

to Pd atomic ratios (0 ≤ x ≤ 220) at standard conditions (55 
kPa H2, 60 kPa O2, 286 K). 
 
3.2. Characterization of Pd Coordination by X-Ray Ab-
sorption Spectroscopy 
Figure 4 shows the ex situ Pd K-edge XANES spectra,  FT-
EXAFS in  R-space, and EXAFS best-fit coordination num-
bers for each catalyst obtained from catalysts previously 
subjected to oxidative thermal treatments (1 h, 5 K min-1, 
573 K, 100 cm3 min-1 air) and held within ambient condi-
tions (air, ~ 295 K). The normalized XANES spectra (Figure 
4a) show a slightly lower whiteline intensity for materials 
with high Au to Pd (0.98 for Pd1Au220) ratios in comparison 
to Pd (1.07) and Pd1Au3(1.03). In addition, the amplitude of 
the oscillations above the K-edge indicates that Pd atoms in 
the PdAux materials possess lower total coordination num-
bers than in monometallic Pd nanoparticles or Pd foil, which 
implies that Pd exists predominantly at the surfaces of the 
nanoparticles.  Analysis of all ex situ spectra show a large 
amount of Pd-O coordination that results from the oxidative 
pretreatment and exposure to air while collecting spectra. 
The average Pd-O coordination number decreases as the Au 
to Pd ratio increases (e.g., NPd-O = 3 on Pd1Au3 and NPd-O = 0.5 
on Pd1Au220), and intensities of XANES white lines decrease 
simultaneously (Figure 4a). These changes suggest that co-
ordination of Pd to Au reduces the propensity of Pd to oxi-
dize. Taken together, the low  Pd-Pd and Pd-Au coordination 
numbers and significant Pd-O coordination indicate that the 
Pd1Au3 and Pd1Au18 catalysts contain segregated domains of 
oxidized Pd on the exterior of Au nanoparticles. 

 
Figure 4.  (a) XANES spectra and (b) EXAFS magnitude of the Fourier transformed k2-weighted χ(k) data (k = 2.7-13 Å-1) for 
for Pd (—), Pd1Au3 (—), Pd1Au18 (—), Pd1Au37 (—), Pd1Au50 (—) and Pd1Au220 (—) and (c) EXAFS best fit Pd-Pd (■), Pd-Au 
(◆) and Pd-O (●) coordination  as a function of the atomic ratio of Au to Pd measured ex situ (ambient air, 298 K).  



 

 
Figure 5.  (a) XANES spectra and (b) EXAFS magnitude of the Fourier transformed k2-weighted χ(k) data (k = 2.7-13 Å-1) for 
Pd (—), Pd1Au3 (—), Pd1Au18 (—), Pd1Au37 (—), Pd1Au50 (—) and Pd1Au220 (—) and (c) EXAFS best fit Pd-Pd (■), Pd-Au (◆) 
and Pd-O (●) coordination numbers as a function of the atomic ratio of Au to Pd measured in situ (55 kPa H2, 60 kPa O2, 298 
K).  
 
These results demonstrate that the extent of alloying de-
pends strongly on composition under oxidizing conditions. 
The direct synthesis of H2O2 requires a combination of H2 
and O2 co-reactants, and consequently, the structure and 
chemical states of Pd and PdAux nanoparticles may change 
in response. Figure 5 shows results from in situ XANES and 
EXAFS that reveal that the structure of these Pd and PdAux 
catalysts at relevant conditions (55 kPa H2, 60 kPa O2, 298 
K) differs significantly from those observed ex situ.  The in 
situ XANES results (Figure 5a) show a decrease in the white-
line intensity of the monometallic Pd and Pd1Au3 catalysts 
only and all have similar white line intensity. Additionally, 
the magnitude of the EXAFS spectra (Figure 5b) and the Pd 
coordination numbers (Figure 5c) differ considerably from 
observations made ex situ.  Differences between ex situ and 
in situ XAS of the Pd and Pd1Aux nanoparticles demonstrate 
that the reaction conditions decrease values of NPd-O and re-
duce Pd to a predominately metallic state, which agrees 
with prior in situ XAS performed on Pd and PdAu nanopar-
ticles during direct synthesis.74, 75 Values of NPd-Au measured 
in situ exceed those obtained ex situ for each Pd1Aux mate-
rial, which demonstrates that these reaction conditions 
cause Pd to alloy with Au once Pd reduces suggesting that 
Pd could be segregated on the surface of Au as PdOx do-
mains. Across the series of Pd1Aux materials, NPd-Au initially 
increases with the atomic ratio of Au to Pd from a value of 6 
for Pd1Au3 to values near 9 for Pd1Au37 and above.  Coordi-
nation between Pd atoms cannot be detected (i.e., NPd-Pd ~ 
0) for any bimetallic material aside from Pd1Au3. Conse-
quently, the total coordination number for Pd falls between 
7 – 10 for all Pd1Aux materials, which is significantly lower 
than the coordination number of Pd in the bulk of a face cen-
tered cubic structure (NPd-Pd = 12).  These results indicate 
that the majority of Pd atoms reside at the surfaces of 
Pd1Aux nanoparticles, which agrees with prior experimental 
and theoretical studies that examined the structure of PdAu 
alloys in the presence of O2.15-17 Figure 5c shows that most 
PdAu catalysts possess NPd-O values near or slightly less than 

one, which suggests that oxygen-derived intermediates may 
saturate these Pd sites during catalysis (vide infra).  The 
data for Pd1Au18 deviate slightly from the trends observed 
in the other Pd1Aux catalysts, which suggests differences in 
structure between this material and the other Pd1Aux mate-
rials. The Pd1Au18 catalyst shows no measurable Pd-Pd co-
ordination and greater NPd-O than the other Pd1Aux catalysts 
in situ; however, NPd-Pd becomes 0.7 after reductive treat-
ments (Table S7.3). This comparison suggests that the seg-
regated domains of oxidized Pd on Au persist in this catalyst 
under reaction conditions. 
Taken together, the Pd coordination numbers obtained in 
situ (Figure 5c) strongly suggest that surfaces of Pd1Au37, 
Pd1Au50, and Pd1Au220 catalysts primarily consist of Au with 
very low mole fractions of Pd. Within these surfaces,  Pd pri-
marily exists as monomers and possibly a few Pd nearest 
neighbors that could not be detected by EXAFS due to their 
low concentration compared with Pd-Au. As such, these na-
noparticles form single atom alloys during catalysis. The dif-
ferences in turnover rates for the formation of H2O2 and H2O 
and the selectivities towards H2O2 for this series of Pd and 
Pd1Aux catalysts (Figure 3) likely reflect the changes in co-
ordination number for Pd observed in situ (Figure 5). How-
ever, rates and selectivities differ between Pd1Au37, Pd1Au50, 
and Pd1Au220 despite the strong similarities in the structure 
of these materials determined by EXAFS. However, a com-
parison of the XANES spectra in Figure S7.2 show measura-
ble differences at 24375 eV suggesting that the Pd environ-
ment is slightly modified as the Au to Pd ratio increases. 
EXAFS analysis of the next nearest neighbors was domi-
nated by Pd-Au scattering and resulted in large uncertain-
ties for the number of Pd atoms in the second coordination 
shell. Consequently, we hypothesize that next nearest 
neighbor interactions (i.e., the second coordination shell of 
Pd atoms in Au), which challenges EXAFS analysis, appear 
to impact catalysis. To test this hypothesis, we developed an 
experimental approach  to examine structure and proximity 
of exposed Pd atoms beyond the first coordination shell. 



 

 

 
Figure 6. Infrared spectra of CO*-saturated surfaces of Pd (—), Pd1Au3 (—), Pd1Au18 (—), Pd1Au37 (—), Pd1Au50 (—) and 
Pd1Au220 (—) catalysts (0.02 kPa CO, 303 K). (a) Spectra following initial CO exposure (solid lines) and after annealing in CO 
(dashed lines; 1 h, 1 kPa CO, 373 K). All spectra normalized by the maximum intensity. (b) Infrared spectra after annealing in 
CO (1 kPa CO, 373 K, 1 h) normalized by the intensity of the η1-CO*Pd feature.   
3.3. Analysis of Pd and PdAux Nanoparticle Structure by 
Infrared Spectra of Adsorbed CO 
Figure 6 shows steady-state infrared spectra of CO ad-
sorbed to the surfaces of Pd and Pd1Aux catalysts (0.02 kPa 
CO, 303 K) following in situ oxidative (20 kPa O2, 573 K, 1 h) 
or reductive (1 kPa CO, 373 K, 1 h for PdAux, and 20 kPa H2, 
673 K, 1 h for Pd) treatments designed to change the segre-
gation and dispersion of Pd atoms at the surface. These 
treatments consistently yield infrared spectra that show 
three distinct binding configurations for CO*. Absorption 
features between 2130 - 2110 cm-1 correspond to CO line-
arly bound to Au atoms (η1-CO*Au), peaks between 2100 and 
2070 cm-1 arise from CO linearly bound atop Pd atoms (η1-
CO*Pd),  and peaks below 2000 cm-1 reflect CO adsorbed at 
bridge (µ2-CO*Pd) and three-fold hollow (µ3-CO*Pd) sites 
formed by ensembles of Pd atoms.19, 33, 40, 42, 43, 45, 108  
After oxidative treatments, the FTIR spectra of adsorbed CO 
show clear differences between the catalysts. Across the se-
ries of materials, the peak areas of η1-CO*Au relative to η1-
CO*Pd and µ2-CO*Pd increase with the Au to Pd ratio, reflect-
ing increasing enrichment of surfaces with Au. The η1-CO*Pd 
peak redshifts by ~27 cm-1 between Pd to Pd1Au37, which 
agrees with redshifts attributed to a mixture of ligand and 
ensemble effects in prior studies.42, 43, 109 We analyze differ-
ences in η1-CO*Pd features in greater detail later (Section 
3.4). The Pd1Au37, Pd1Au50 and Pd1Au220 catalysts show little 
or no µ2-CO*Pd, which suggests that these materials predom-
inantly expose atomically disperse Pd after oxidative treat-
ments, which agrees with the interpretation of Pd coordina-
tion numbers derived from EXAFS (Section 3.2). In contrast, 
the spectrum for Pd1Au3 shows a combination of a µ2-CO*Pd 
and a η1-CO*Pd feature, the combined area of which exceeds 
that for η1-CO*Au by a factor of 45, which indicates that 
Pd1Au3 nanoparticles predominantly expose Pd and few Au 
atoms and may resemble core-shell structures.   
Reductive treatments in CO (1 kPa CO, 373 K, 1 h) induce 
significant structural changes that appear in the vibrational 
features of CO* subsequently adsorbed (Figure 5; 0.02 kPa, 

303 K). The reductive treatment increase the peak area of 
η1-CO*Pd and µ2-CO*Pd and decreases the intensity of η1-
CO*Au for all PdAux nanoparticles relative to spectra ob-
tained after oxidative treatments.  These changes demon-
strate that CO exposure at moderate temperature enriches 
PdAux nanoparticle surfaces in Pd.  On Pd1Au3, the η1-CO*Pd 
feature redshifts by 12 cm-1 and peaks for η1-CO*Au and µ3-
CO*Pd (shoulder at 1940 cm-1) disappear as a consequence 
of restructuring. This redshift in η1-CO*Pd exceeds the shift 
caused by dipole coupling alone (vide infra, Figure 7), which 
signifies a change in the electronic structure of the exposed 
Pd atoms in this catalyst. The other PdAux catalysts present 
shifts in the η1-CO*Pd feature of 2 cm-1 or less, representing 
small differences in dipole-dipole coupling or electronic 
structure of Pd. The thermal treatment also causes the 
Pd1Au37 and Pd1Au50 catalysts to show detectable amounts 
of µ2-CO*Pd , which is consistent with the change in EXAFS 
for Pd1Au18 under a CO atmosphere (Table S7.3) and 
demonstrates that Pd oligomers form at the surfaces of 
these materials. This results from the increased coverage of 
Pd atoms and the greater stability of µ2-CO*Pd and µ3-CO*Pd 
configurations that involve Pd dimers and oligomers in 
comparison to η1-CO*Pd on bimetallic PdAux surfaces. 110-112 
The relative populations of monomeric and oligomeric Pd 
atoms on surfaces of Pd1Aux nanoparticles and their sensi-
tivity to the chemical environment can be examined by 
quantifying the ratio (ρ) of areas for features corresponding 
to η1-CO*Pd and µ2-CO*Pd prior to annealing in CO (after only 
oxidative or reductive treatments, Section 2.5) and follow-
ing treatments in CO  (1 kPa CO, 373 K, 1 h). Table 2 shows 
that values of ρ for Pd and Pd1Aux materials increase mono-
tonically with the Au to Pd ratio regardless of the pretreat-
ment conditions.   
 
Table 2. Ratio (ρ) of η1-CO*Pd to µ2-CO*Pd peak area for 
Pd and PdAux catalysts before and after annealing in CO. 

Catalyst ρ 



 

Before annealing 
in COa,b 

After annealing 
in COa,c 

Pd 0.1 n. a. 
Pd1Au3 0.3 0.3 
Pd1Au18 1.8 1.0 
Pd1Au37 7.9 5.7 
Pd1Au50 >50d 14 
Pd1Au220 >50d >50d 

aMeasured in 0.02 kPa CO at 303 K bPretreated in 20 kPa O2, 
573 K, 1 h for PdAux or in 20 kPa H2, 573 K, 1 h for Pd cPre-
treated in 1 kPa CO, 373 K, 1 h dThese spectra show no de-
tectable µ2-CO*Pd; reported values are instead lower bounds 
estimated from the signal-to-noise ratios of each spectra.  
 
Values of ρ decrease following treatment in CO for PdAux 
materials with Au to Pd ratios of 18 and greater, because 
CO* stabilizes greater fractions of Pd at the surfaces of these 
nanoparticles.  Among these CO treated nanoparticles,  ρ 
consistently increases with the Au to Pd ratio and becomes 
greater than 50 for Pd1Au220, which suggests that Pd exists 
predominantly as monomers after reduction in CO for this 
material only. These trends agree with expectations from 
Monte Carlo simulations that account for differences in the 
stability of Pd-Pd and Pd-Au bond strengths in predictions 
for the distribution of Pd atoms among monomeric and oli-
gomeric surface species as functions of the fractional cover-
age of Pd in  equilibrated PdAu(111) surfaces.50, 51 Hence the 
decrease in ρ and increase in η1-CO*Au area, relative to both 
η1-CO*Pd and µ2-CO*Pd, shows that the Pd surface coverage 
decreases systematically with increases in the Au to Pd ra-
tio. In situ XAS, however, indicates that nearly all Pd atoms 
within the Pd1Au37, Pd1Au50 and Pd1Au220 catalysts reside on 
the nanoparticle surface as monomers (i.e., NPd-Pd ~ 0) (Fig-
ure 5).  Consequently, these comparisons between XAS and 
FTIR of CO* species suggest that the separation between Pd 
monomers increases with the Au to Pd ratio.   
 
3.4. Probing Changes in Geometric and Electronic Struc-
ture of Exposed Pd Atoms via Infrared Spectra of Mixed 
12CO and 13CO Adlayers 
 
Values of the vibrational frequencies measured for the 
ν(C=O) mode of CO*-species on transition metal surfaces 
depend upon the extent of electron donation and back-do-
nation between CO and the metal surface but also dipole-
dipole coupling between adsorbed CO molecules (i.e., the vi-
brational Stark effect).12, 113 These effects can be deconvo-
luted by independently changing the significance of dipole-
dipole coupling between CO*-species by the adsorption of 
mixtures of 13CO and 12CO.11, 12  As one example, the individ-
ual contributions of electron exchange with the surface and 
the magnitude of dipole-dipole coupling can be assessed by 
measuring changes in the frequency of ν(13C =O) for η1-
CO*Pd as a function of fractional coverage of 13CO (θ13CO) in a 
saturated monolayer of 12CO and 13CO (i.e., θ12CO +  θ13CO = 
1).12, 114 This analysis uses the relationship: 
 

  𝜈𝜈� 𝐶𝐶13 = 𝑂𝑂� = 𝜈𝜈0 + Θ 𝐶𝐶𝐶𝐶13 Δ𝜈𝜈  (2) 

 
where the intercept ν0 represents the singleton frequency 
(i.e., ν(13C =O) in the absence of dipole-dipole coupling) and 
reports on the electronic structure of the binding site, and 
∆ν quantifies the shift caused by dipole-dipole coupling, 
which depends on the inverse-cube of distance between  
comparable CO*-species.113, 114  
Figure 7 shows that values of 𝜈𝜈(13C =O) depend linearly 
upon θ13CO for the Pd and Pd1Aux catalysts after oxidative 
treatments (20 kPa O2, 573 K, 1 h), which agrees with the 
form of equation 2. In each experiment, the nanoparticle 
surfaces were initially saturated with 13CO*, which was sub-
sequently displaced using small pulses of 12CO (Section 
2.5.). Our analysis considers η1-CO* on Pd, because this fea-
ture appears on all catalysts and can be readily deconvo-
luted from  the other peaks present. The values of 𝜈𝜈0 do not 
depend monotonically on the ratio of Au to Pd (Table 3) 
however, nanoparticles with Au to Pd ratios of 18 and 
greater exhibit lower values than pure Pd.   

 
Figure 7. The vibrational frequency for the ν(C=O) mode of 
η1-13CO*Pd as a function of the fractional coverage of 13CO* 
on monometallic Pd (■), Pd1Au3 (●) Pd1Au18 (▲), Pd1Au37 

(▼), Pd1Au50 (◀) and Pd1Au220 (◆) at 303 K. Dashed lines 
indicate linear fits to data.  
These comparisons show that the interactions between Pd 
and Au clearly induce an electronic modification to the Pd 
present at the surface and resemble findings from similar 
measurements made on PdAu/Pd(111) single crystal sur-
face alloys at 290 K.115  Singleton frequency shifts from 2041 
cm-1 for monometallic Pd to 2023 cm-1 for Pd1Au18, but fur-
ther increases of the catalyst Au content cause an increase 
of the singleton frequency to 2033 cm-1 for Pd1Au220. These 
observations seem consistent with non-monotonic changes 
in the Pd d-band structure with surface Au content observed 
by core-level XPS of PdAu films annealed at various temper-
atures21 and Pd K-edge whiteline intensities of carbon-sup-
ported PdAu nanoparticles with Au to Pd ratios between 
zero and five.116 Comparing the PdAux catalysts with Au to 



 

Pd ratios of 18 to 50, the values of ν0 are too similar to ade-
quately differentiate the catalysts. The Pd1Au220 catalyst 
shows a slightly higher ν0 (2033 cm-1), which may imply a 
slightly different electronic structure of the Pd atoms in this 
sample, though the direct effect of this difference on cataly-
sis cannot be ascertained from this measurement alone. 
 
Table 3. Dipole coupling shifts (Δν) and singleton fre-
quencies (ν0) of η1-13CO*Pd for Pd and PdAux catalysts  

Catalyst Δν  
(cm-1) 

ν0  
(cm-1) 

Pd 7.3 ± 0.2 2041 ± 1 
Pd1Au3 7.5 ± 1.3 2042 ± 1 
Pd1Au18 4.6 ± 0.3 2023 ± 1 
Pd1Au37 1.3 ± 0.4 2027 ± 1 
Pd1Au50 0.9 ± 0.2 2027 ± 1 
Pd1Au220 0.0 ± 0.4 2033 ± 1 

 
The values of ∆𝜈𝜈 (Table 3, 0.0-7.3 cm-1) are much smaller 
than those obtained from similar experiments on Pt and 
PtAg catalysts and low-index Pt single crystals65, 114, 117 but 
similar to those measured on PdAu/Pd(111) single crystal 
surface alloys and Pt(335) single crystals.115, 117 These dif-
ferences reflect the fact that dipole-dipole coupling requires 
similar vibrational frequencies,11, 12 which indicates that η1-
CO*Pd will only couple with other η1-CO*Pd but not other 
forms of CO*. Monometallic Pd nanoparticles predomi-
nantly present η1-CO*Pd at defect, edge and corner sites, 
however, Pt surfaces form η1-CO*Pt at the majority of terrace 
sites.113 These terrace sites possess greater surface coordi-
nation than edge sites and thus show more significant ef-
fects of dipole-dipole coupling.  
While the values of 𝜈𝜈0 show a complex dependence on the 
composition of Pd1Aux nanoparticles, the extent of dipole-
dipole coupling (quantified by ∆𝜈𝜈) decreases monotonically 
with increase in the ratio of Au to Pd (Table 3) from 7.3 ± 
0.2 cm-1 monometallic Pd to 0.0 ± 0.4 cm-1 on Pd1Au220. This 
trend holds also for Pd1Au37, Pd1Au50 and Pd1Au220 catalysts, 
which yield indistguishable Pd coordination numbers (i.e., 
NPd-Pd, NPd-Au) from in situ  XAS. Considering the inverse-cube 
dependence of dipole coupling shift values on average dis-
tances between sites,113, 114 this decrease provides strong 
evidence for an increase in the average distance between η1-
CO*Pd sites, and therefore, changes in the second coordina-
tion shell of Pd as the Au to Pd ratio increases.  
 
3.5. Computational Evidence that H2O2 Forms by Heter-
olytic Pathways on PdAux  
In previous sections, we characterized the means through 
which the formation of PdAux alloys affects the properties 
of Pd. These modifications may influence the mechanisms 
responsible for catalytic formation of H2O2 and H2O.  There-
fore, we combine computational and experimental methods 
to determine the molecular processes that form H2O2 and 
H2O on PdAux catalysts. 
Lunsford and coworkers showed that negligible quantities 
of H18O16OH form during reactions of 18O2 and 16O2 with H2 

on Pd, which indicates that H2O2 proceeds through reduc-
tion of an OOH* intermediate and that O-O bonds cleave ir-
reversibly.118 Within water, these reduction processes have 
been proposed to occur either through homolytic Lang-
muirian surface reactions that involve direct addition of H-
atoms or by solvent-mediated processes involving proton-
electron transfer through H3O+ species. We demonstrated 
that OOH* and H2O2* formation by direct addition of the sur-
face bound hydrogen atoms defined herein as H (note, # and 
* indicate that the OHx intermediates and H species bind to 
separate sites as discussed in section 3.6) to dioxygen inter-
mediates on Pd(111) present energy barriers 14 and 19 kJ 
mol-1 higher than the analogous proton-electron transfer 
(PET) steps.75 PdAux surfaces, however, may or may not ex-
hibit the same preference for PET pathways to reduce oxy-
gen.  

 
Figure 8. Reactant, transition and product state structures 
for (a, b) OOH* and (c, d) H2O2* formation by (a, c) direct 
surface H# transfer and (b, d) H2O-mediated proton electron 
transfer on an isolated Pd monomer surface (Figure 2f).  
 
Figure 8 shows intrinsic barriers (ΔE‡) and reaction ener-
gies (ΔErxn) and optimized structures for OOH* and H2O2* 
formation by homolytic (Figures 8a and 8c) and heterolytic 
(Figures 8b and 8d) processes on isolated Pd monomers in 
the Au(111) surface. Proton-electron transfer pathways 
that involve multiple explicit water molecules (i.e., a 
Grotthuss-type mechanism) such as those shown in Figures 
8b and 8d report lower intrinsic activation energies (ΔE‡) 
for OOH* and H2O2* formation than those carried out by lo-
cal H# addition such as those shown in Figures 8a and 8c, by 
16 and 21 kJ mol-1, respectively. These differences in ΔE‡ 
agree with similar differences calculated on Pd(111)75 and 
indicate that product formation on  both PdAux (presenting 



 

either monomeric or oligomeric Pd atoms) and Pd catalysts 
occurs through similar heterolytic, solvent-mediated mech-
anisms.  
 

 
Figure 9. Bader charge profiles of O2* or OOH* (—), H# (—
), the H-atom being transferred (—) and the metal surface 
(—) during (a) O2* reduction to OOH* and (b) OOH* reduc-
tion to H2O2* via a heterolytic PET type mechanism (solid 
lines) and via homolytic hydrogen transfer type mechanism  
(dashed lines) . Calculations performed on an open Pd tri-
mer surface (Figure 2b) in aqueous media.  
 
Bader charge analysis of the surface species and the metal 
surface at multiple positions along the reaction coordinate 
provides further evidence that oxygen reduction involves 
heterolytic processes involving charged intermediates. Fig-
ure 9 shows the charge distribution between the different 
species for the OOH* and H2O2* formation reactions through 
proton-electron transfer (solid lines) and homolytic surface 
reactions (dotted lines). In the PET mechanism, a surface 
H#-atom oxidizes heterolytically and forms a proton that 
transfers to liquid water and an electron that is transferred 
to the metal and donated or shared with the bound O2* or 
OOH* intermediate. Subsequently, the hydronium interme-
diate that forms during proton addition transfers one of its 
protons, to O2* or OOH*. The charge on this protic hydrogen 
remains constant at 0.7 e- during the transfer reaction.  Near 
the completion of each reaction, the charge on O2* or OOH* 
decreases slightly due to proton transfer from H3O+. Both 
heterolytic and homolytic pathways display identical 
charge distribution for the reactive species at the reactant 
and product states, however, the nature of the H-atoms in 
the transition state differs.  The positive charge carried by 
the protic H-atoms of water leads to barriers for PET that 
are consistently lower than those for direct H#-atom trans-
fer. In direct H#-atom transfer, the H#-atom transferred de-
velops a positive charge gradually and only becomes protic 
after its complete addition to O2* or OOH*.  
 

3.6. Effects of H2 and O2 Pressures on Steady-State H2O2 
and H2O Formation Rates and Interpretation 
Figures 10 and 11 show turnover rates for H2O2 and H2O 
formation as functions of H2 (Figure 10a and 11a; 20-400 
kPa H2, 60 kPa O2) and O2 pressure (Figure 10b and 11b, 20-
400 kPa O2, 55 kPa H2) for monometallic Pd, Pd1Au3, and 
Pd1Au220 catalysts in deionized water. Rates of H2O2 for-
mation increase linearly with H2 pressure (rH2O2  ~ [H2]1) at 
lower values (< 100 kPa H2) and become constant (rH2O2 ~ 
[H2]0) at higher values (> 150 kPa H2) (Figure 10a). Turno-
ver rates for H2O formation (Figure 11a) also increase line-
arly with H2 pressure at low values of [H2] (< 100 kPa) but 
do not change significantly at higher values (> 150 kPa). 
Formation rates for H2O2 and H2O do not depend on O2 pres-
sure (r ~ [O2]0) across the wide range of conditions exam-
ined (Figures 10b and 11b), which suggests oxygen-derived 
species saturate active sites that form both products. Fur-
ther, on both monometallic Pd86 and alloyed Pd1Au220 (Fig-
ure S8.1), protic solvents are required to form H2O2, because 
turnover rates are immeasurably small in aprotic solvents, 
such as dimethyl sulfoxide and acetonitrile. The require-
ment for protic solvents and the dependence of rates on re-
actant pressures agree with our previous reports on Pd and 
Pd-based bimetallic catalysts.41, 65, 66, 75, 86 These experi-
mental findings agree with the conclusions from compari-
sons between ab intio calculations for heterolytic and ho-
molytic pathways (Figs. 8) and provide further evidence 
that H2O2 and H2O form through similar proton-electron 
transfer pathways and reactive intermediates on Pd and 
also Pd1Aux catalysts.  
Scheme 1 shows a system of elementary steps that form 
H2O2 and H2O by kinetically relevant proton-electron trans-
fer steps and which reproduces the dependence of rates on 
H2 and O2 pressures. This scheme considers two types of 
sites (* and #) that account for the preference of oxygenated 
intermediates and H#-atoms to bind at distinct positions on 
close-packed surfaces (* sites bind oxygenates, and # sites 
bind H#-atoms). Similar two-site kinetic models accurately 
describe measured power laws in ethylene hydrogenation, 
where C2Hy* and H# species do not competitively adsorb on 
Pt catalysts, as indicated by kinetic regimes in which rates 
are uninhibited by exceptionally high H2 pressures.119 These 
two-site kinetic models may be further justified by differ-
ences in the preferred binding sites of H-atoms and oxygen-
ates on Pd surfaces calculated by DFT58, 75, 106  and are ration-
alized in terms of the differing steric and electronic proper-
ties of the two ‘classes’ of adsorbates. Alternatively, the eth-
ylene hydrogenation rates (and also the results in Figs. 10 
and 11) may be explained by realizing that intrinsic rate 
constants depend on the coverages of adsorbates.120 Here, 
we elect to use a two-site model that captures the known 
site preferences of the relevant intermediates and which 
provides the minimum level of complexity needed to de-
scribe measured H2O2 and H2O turnover rates.   
 



 

 
Figure 10. Turnover rates for H2O2 formation for monome-
tallic Pd (■, 276 K), Pd1Au3 (●, 276 K) and Pd1Au220 (◆, 291 
K) as a function of (a) H2 pressure (60 kPa O2) and (b) O2 
pressure (55 kPa H2). Dashed lines indicate fits to equation 
7 and 8 for H2O2 and H2O formation, respectively. Rates for 
Pd1Au220 were measured at a higher temperature because 
H2O formation rates are immeasurably small for this cata-
lyst at 276 K (Figure S4.3). 
 

 
Figure 11. Turnover rates for H2O formation for monome-
tallic Pd (■, 276 K), Pd1Au3 (●, 276 K) and Pd1Au220 (◆, 291 
K) as a function of (a) H2 pressure (60 kPa O2) and (b) O2 
pressure (55 kPa H2). Dashed lines indicate fits to equation 
7 and 8 for H2O2 and H2O formation, respectively. Rates for 

Pd1Au220 were measured at a higher temperature because 
H2O formation rates are immeasurably small for this cata-
lyst at 276 K (Figure S4.3). 
 
The formation of H2O2 and H2O involves dissociative ad-
sorption of H2 (step 1) onto unoccupied #-sites to form 
chemisorbed H#-atoms. Simultaneously, O2 adsorbs in a 
quasi-equilibrated manner to form O2* (step 2), which then 
undergoes irreversible proton-electron transfer involving 
H#-atoms  and liquid-phase H2O to form OOH* (step 3). Sub-
sequently, OOH* reduces further by a second proton-elec-
tron transfer event to form either H2O2* when the O-O bond 
persists (step 4) or H2O and O* when the O-O bond cleaves 
(step 5). Notably, O-O bonds rupture irreversibly and hence 
the O* species must form H2O.41, 65, 66, 75, 86 This process occurs 
by sequential proton-electron transfer events that form OH* 
(step 6) and ultimately H2O* (step 7).  Adsorbed H2O2* and 
H2O* undergo quasi-equilibrated desorption to yield detect-
able products (steps 9 and 10, respectively).  
 

 
Scheme 1. Proposed system of elementary steps describing 
H2O2 and H2O formation on Pd and Pd1Aux nanoparticles. 
The symbol   denotes an irreversible reaction, whereas 

signifies a reversible reaction and corresponds 
to a quasi-equilibrated reaction. 
 
Scheme 1 proposes that both H2O2 and H2O form by irre-
versible reactions that involve H2O-assisted reduction of ox-
ygenates by H#-atoms. These reactions occur in series fol-
lowing a common kinetically relevant step: the reduction of 
O2* to OOH* (step 3). Consequently, the rate of O2 consump-
tion follows the relationships: 
 

−𝑟𝑟𝑂𝑂2 = 𝑟𝑟3 = 𝑟𝑟𝐻𝐻2𝑂𝑂
2

+ 𝑟𝑟𝐻𝐻2𝑂𝑂2          (3) 

 
where the individual product formation rates are: 

    𝑟𝑟𝐻𝐻2𝑂𝑂2 = 𝑘𝑘4
𝑘𝑘4+𝑘𝑘5

𝑟𝑟3          (4) 

and 
 

𝑟𝑟𝐻𝐻2𝑂𝑂 = 2 𝑘𝑘5
𝑘𝑘4+𝑘𝑘5

𝑟𝑟3        (5) 



 

 
Within this system, the rate of step 3 is given by: 
 

𝑟𝑟3 = 𝑘𝑘3[𝑂𝑂2∗][𝐻𝐻#][𝐻𝐻2𝑂𝑂]     (6) 
 

where k3 is the intrinsic rate constant for step 3, [H2O] is the 
concentration of H2O (55 M) and [O2*] and [H#] correspond 
to the numbers of O2* and H#  surface intermediates.   Equa-
tion 6 can be restated as a function of reactant pressures 
and intrinsic rate constants by applying the pseudo-steady 
state hypothesis to the coverages of reactive intermediates 
(OOH*, O*,  OH*, H#) and invoking a site balance for each 
type of active site. The complete forms of the resulting rate 
expressions and the associated derivations are shown 
within the Supporting Information Section S8.  
These complex equations simplify in the limit of high [O2] to 
[H2] ratios where #-sites remain unoccupied and H2 acti-
vates irreversibly (𝑟𝑟1 ≫ 𝑟𝑟−1) to yield the forms: 
 

𝑟𝑟𝐻𝐻2𝑂𝑂2
[L]

= 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐻𝐻2𝑂𝑂2  [𝐻𝐻2]

1+𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎[𝐻𝐻2]
   (7) 

and 

 𝑟𝑟𝐻𝐻2O
[L]

= 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐻𝐻2O [𝐻𝐻2]

1+𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎[𝐻𝐻2]
   (8) 

 
where the apparent rate constant for H2O2 formation ap-
pears as: 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎, 𝐻𝐻2𝑂𝑂2 = 𝑘𝑘1𝑘𝑘4
𝑘𝑘4+2𝑘𝑘5

   (9) 

 
and the apparent rate constant for H2O formation is: 
 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎, 𝐻𝐻2𝑂𝑂 = 2𝑘𝑘1𝑘𝑘5
𝑘𝑘4+2𝑘𝑘5

    (10) 

 
The form of the apparent adsorption constant contains nu-
merous rate constants: 
 

𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑘𝑘1�

𝑘𝑘4+𝑘𝑘5
𝑘𝑘4+2𝑘𝑘5

��1+ 𝑘𝑘3
𝑘𝑘4+𝑘𝑘5

+ 𝑘𝑘5𝑘𝑘3
(𝑘𝑘4+𝑘𝑘5)�

1
𝑘𝑘6

+ 1
𝑘𝑘7
��

𝑘𝑘3[𝐻𝐻2𝑂𝑂]
 (11) 

 
where ki corresponds to the intrinsic rate constant for reaction 
i in Scheme 1 and [L] represents the number of active sites. 
Equations 7 and 8 predict that rates will increase linearly 
with H2 pressure at low H2 pressure and become independ-
ent of H2 pressure at higher H2 pressures, and maintain con-
stant values with changes in O2 pressure. These predictions 
adequately describe H2O2 and H2O formation rates on 
Pd1Aux catalysts (Figures 10 and 11), and observations from 
previous reports, 8 where at low H2 pressures rates mono-
tonically increase before approaching constant values at 
higher H2 pressures. The differences between the apparent 
dependence of rates on [H2] in the two limits reflects a 
change in most abundant reactive intermediate (MARI) 
from unoccupied # sites to H#. Rates do not depend on [O2], 
because * sites remain nearly  

 

 
Figure 12. DFT-calculated reaction coordinate diagrams for (a) H2O2 and (b) H2O formation over closed triagonal Pd trimers 
(—), open Pd trimers (—), dimers (—), paired monomers with six Pd next-nearest neighbors (NNN=6, —), paired Pd mono-
mers with three Pd next-nearest neighbors (NNN=3, —) and isolated Pd monomers with exclusively Au atoms at nearest and 
next-nearest neighbor positions (NNN = 0, —) in Au surfaces. Insets show structures for reactant, transition and product 
states.  
 

saturated by a mixture of O2*, O*, OH*, and OOH* at all con-
ditions examined here.  The rate expressions in equations 7 
and 8 capture all measurements obtained on PdAux materi-
als but do not fully agree with rates measured on monome-
tallic Pd nanoparticles. These discrepancies relate to a dis-
continuity in measured turnover rates on Pd most clearly 
observed in Figure 11a (H2O formation rates drop sharply 

between 55 kPa and 150 kPa H2 ). This discontinuity in rates 
and selectivities on Pd correlates with a phase transition be-
tween metallic Pd to β-PdHx that appears clearly in the anal-
ysis of in situ EXAFS.74, 75 Unsurprisingly, comparatively 
simple rate expressions (e.g., equations 7 and 8) cannot ac-
count for such phase transitions and the associated differ-
ences in rate constants. In situ EXAFS shows that Pd atoms 
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remain metallic in all Pd and PdAux catalysts under condi-
tions where rates increase linearly with H2 pressure (Figure 
5; 55 kPa H2, 60 kPa O2). Consequently, the suppression of 
β-PdHx formation cannot explain high H2O2 selectivities on 
PdAux catalysts shown in Figure 3 (e.g., 19 ± 1% for Pd, 95 
± 3% for Pd1Au220).  

 
Figure 13.    Reactant, transition and product states for H2O 
formation by solvent-mediated proton-electron transfer 
(i.e., OOH* + H# + H2O → 2H2O + O* + #) on (a) open Pd tri-
mers and (b) isolated Pd monomers in PdAux surfaces. 
3.7. Effects of Pd Dilution by Au on Energy Barriers for 
H2O2 and H2O Formation 
The dilution of Pd by Au does not change the mechanism by 
which H2O2 and H2O form, and comparisons of H2O2 selec-
tivies over  metallic Pd and PdAux  exclude prior hypotheses 
regarding the formation of the β-PdHx phase. Therefore, the 
dependence of rates and selectivities on the Au to Pd ratio 
likely stems from differences in the intrinsic activation bar-
riers for H2O2 and H2O formation.  
Table 4 shows calculated energy barriers and reaction en-
ergies for OOH* formation from O2* and H# (i.e., O2* + H# + 
H2O → OOH* + # + H2O) on each PdAux surface. As the num-
ber of Pd atoms involved in the three-fold hollow adsorp-
tion ensemble for H# decreases from three to one, the reac-
tion becomes more exothermic by 47 kJ mol-1. Diluting Pd 
further destabilizes H#, leading to an additional 11 kJ mol-1 
released by the reaction. However, dilution of Pd by Au 
leads to an increase in the intrinsic barrier from 24 to 37 kJ 
mol-1 across the series of surfaces. The increased barriers 
reflects greater difficulty for the heterolytic oxidation of H# 
into a proton-electron pair as the reaction ensemble in-
cludes more Au atoms which increases the number of elec-
trons in the metal, lowers the electron affinity (i.e. the work 
function) of the metal and inhibits electron transfer.121  
Figure 12a shows calculated energy diagrams for OOH* re-
duction to form H2O2 through solvent-mediated proton-
electron transfer (i.e., OOH* + H# + H2O → H2O2* + # + H2O) 
on each PdAux(111) surface. Similar to OOH* formation, in-
creasing isolation of Pd causes ΔErxn to decrease (become 
more negative) and ΔE‡ to increase for the H2O2 formation 
reaction as seen in Figure 12a. The reaction becomes more 
exothermic due to destabilizing H# by including Au in the 
adsorption ensemble. Intrinsic barriers increase from 19 to 
35 kJ mol-1, reflecting differences in electron affinities and 
work functions between Pd and Au. In the transition state 
(Figure 8d) for this reaction, on all PdAux surfaces, OOH* is 

adsorbed in a η1 configuration on Pd and only weakly senses 
neighboring atoms because it is not formally bound to them. 
 
 

Table 4. Reaction energies and intrinsic activation bar-
riers for H2O mediated hydrogenation of O2* to form 
OOH*  (O2*+ H#

 + H2O → H2O + # + OOH*) 
Surface ΔErxn  

(kJ mol-1) 
ΔE≠  

(kJ mol-1) 

Closed Pd trimera -23 24 
Open Pd trimerb -22 27 

Pd dimer -55 30 
Paired Pd monomer 

(NNN=6)c 
-70 34 

Paired Pd monomer 
(NNN=3)d 

-75 39 

Isolated Pd monomer 
(NNN = 0)e 

-81 37 

aClosed equilateral triangular ensemble of Pd atoms in Au 
Figure 2a), bOpen triangular ensemble of three contiguous 
Pd atoms in Au (Figure 2b) cSurface with six Pd next-nearest 
neighbors (Figure 2d) dSurface with three Pd next-nearest 
neighbors (Figure 2e), ePd atoms with no Pd nearest or 
next-nearest neighbors (Figure 2f)  
 
In Scheme 1, primary H2O2 selectivity is determined by com-
peting reactions which reduce OOH* to H2O2 or H2O. Figure 
12b shows the energetics of H2O formation by cleaving 
OOH* through solvent-mediated proton-electron transfer 
(i.e., OOH* + H# + H2O → O* + # + 2H2O) on each surface.  The 
O* species reduces further to H2O through subsequent pro-
ton-electron transfer events (Scheme 1). Unlike OOH* and 
H2O2 formation, ΔErxn increases as Pd is isolated from -199 
kJ mol-1 on the closed Pd trimer surface to -158 kJ mol-1 on 
the Pd isolated monomer surface. This results from the 
weaker binding of O* on ensembles containing more Au at-
oms to which the product binds. . The intrinsic barrier for 
this reaction increases from 6 to 74 kJ mol-1 as Pd is isolated 
by Au, a significantly larger change than we observed for 
OOH* and H2O2 formation. Figure 13 shows the reactant, 
product and transition state structures for H2O formation 
on both the open Pd trimer and isolated monomer surfaces. 
In this reaction, the O-OH bond ruptures after electron 
transfer to form the O-OH(-) transition state, which then ac-
cepts a proton from H3O+ to make H2O. This transition state 
involves multiple surface atoms required to adsorb O* and 
OH(-)* after O-O bond scission and is as such more sensitive 
to the surface metal coordination because both O* and OH(-

)* bind much more weakly on more Au-rich ensembles. 
Thus, increasing the isolation of Pd allows us to selectively 
destabilize this H2O transition state, which involves multi-
ple surface atoms, relative to the H2O2 formation transition 
state, which only binds to one surface atom, thus increasing 
the H2O2 selectivity.  
Figure 14 shows the apparent activation enthalpies for H2O2 
and H2O (ΔH‡H2O2 and ΔH‡H2O, respectively) formation (55 
kPa H2, 60 kPa O2, 276-306K). These measurements were 
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obtained at conditions where rates of H2O2 and H2O for-
mation increase linearly with H2 pressure, which signifies 
that coverages of H#-species are insignificant. Then, the rate 
expressions for H2O2 and H2O formation (equations 7 and 8) 
collapse to simpler forms: 
 

𝑟𝑟𝐻𝐻2𝑂𝑂2
[L]

= 𝑘𝑘1𝑘𝑘4[𝐻𝐻2]
𝑘𝑘4+2𝑘𝑘5

   (12) 
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Figure 14. Change in apparent activation enthalpies for 
H2O2 (■) and H2O (●) formation with Pd and PdAu catalyst 
metal content (55 kPa H2, 60 kPa O2, 276-306K) 

and 

 𝑟𝑟𝐻𝐻2𝑂𝑂
[L]

= 2𝑘𝑘1𝑘𝑘5[𝐻𝐻2]
𝑘𝑘4+2𝑘𝑘5

   (13) 

 
These expressions show that rates for H2O2 and H2O for-
mation depend only on [H2] and rates constants for steps 1, 
4 and 5, because these elementary steps determine the cov-
erage of the reactive OOH* intermediate and the rates at 
which this species reacts to form each product. By exten-
sion, ΔH‡H2O2 and ΔH‡H2O are functions of the intrinsic acti-
vation enthalpies for H2 activation, OOH* reduction to H2O2 
and OOH* reduction to H2O. However, the complex forms of 
equations 12 and 13 prevent precise molecular interpreta-
tions of experimental values for ΔH‡H2O2 and ΔH‡H2O.   
Despite these complications, the rate expressions, and 
therefore the definitions of apparent activation enthalpy,  
remain constant across all catalysts examined in this study, 
so ΔH‡H2O2 and ΔH‡H2O may be compared to one another in a 
physically meaningful way. Values of ΔH‡H2O increase as a 
strong function of Au to Pd ratio from Pd (8 ± 4 kJ mol-1) to 
Pd1Au220 (68 ± 4 kJ mol-1), yet ΔH‡H2O2 values increase by 
only 15 kJ mol-1. Notably, ΔH‡H2O values increase monoton-
ically while ΔH‡H2O2 initially increase with the Au to Pd ratio 
but then approach constant values for Au to Pd ratios of 37 
to 220. These comparisons demonstrate that the high H2O2 
selectivies observed on PdAux materials  (Figure 3) reflect 
the preferential destabilization of transition states that 
cleave the O-O bond within OOH* intermediate, which 
agrees with the results from DFT calculations on repre-

sentative surfaces (Figure 12). The monometallic Pd cata-
lyst exhibits low ΔH‡ values (<15 kJ mol-1) for both reac-
tions, consistent with previous reports from our group.65, 66, 

75, 86 The Pd1Au3 catalyst exhibits similar selectivities and 
ΔH‡ values to the monometallic Pd catalyst for both reac-
tions. Characterization results from FTIR of adsorbed CO 
and in situ EXAFS show significant amounts of Pd-Pd sur-
face coordination in this catalyst, indicating the increases in 
ΔH‡ values, and therefore selectivity, result from an absence 
of Pd-Pd surface coordination.  
While differences in ΔH‡H2O2 and ΔH‡H2O values between cat-
alysts cannot be precisely attributed to intrinsic barriers 
specific steps in Scheme 1, the difference between ΔH‡H2O2 
and ΔH‡H2O can be (Supporting Information Section S8.3), as 
the rate ratio of H2O2 to H2O formation takes the form: 
 

𝑟𝑟𝐻𝐻2𝑂𝑂2
𝑟𝑟𝐻𝐻2𝑂𝑂

= 𝑘𝑘4
2𝑘𝑘5

    (14) 

 
which implies that the difference (ΔΔH‡) between the ex-
perimentally measured apparent barriers ΔH‡H2O2 and 
ΔH‡H2O  is equal to the difference between intrinsic barriers 
ΔH‡4 and ΔH‡5. ΔΔH‡ represents the difference between the 
stability of the transition states for steps 4 and 5 (Scheme 
1), because both H2O2 and H2O form by reactions among the 
same intermediates (H#, OOH*, and H2O). Importantly, ex-
perimentally measured ΔΔH‡ values may be directly com-
pared to differences in intrinsic barriers calculated by DFT 
and do not require the assumptions made in Section 3.4 to 
simplify equations 7 and 8. 

 
Figure 15. Differences between apparent activation en-
thalpies for H2O2 and H2O formation (ΔΔH‡ = ΔH‡H2O - 
ΔH‡H2O2) measured experimentally (■)  as a function of the 
Au to Pd ratio obtained on PdAux catalysts (55 kPa H2, 60 
kPa O2, 276-306 K), and calculated differences between the 
intrinsic activation energies for step 5 and  step 4 (ΔΔE‡ = 
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ΔE‡5 - ΔE‡4, Scheme 1) obtained from DFT calculations (●) 
carried out on representative PdAux(111) surfaces.  
 
Figure 15 shows the differences between the intrinsic bar-
riers for steps 4 and 5 obtained by both theory and experi-
ment for multiple PdAux surfaces. In both cases, the differ-
ence in apparent barriers increases with the Au content of 
PdAux, indicating an increasing enthalpic preference for the 
H2O2 transition state over the H2O transition state. Thus, 
PdAux surfaces which are more dilute in Pd show higher 
H2O2 selectivities; this trend continues past the point where 
all of the Pd exists as Pd monomers, showing that the sec-
ond coordinative shell of Pd can have an effect on catalysis. 
This effect may arise from potentially different electronic 
structures of Pd in each PdAux alloy or from geometric dif-
ferences between surfaces.   

 
Figure 16.  Projected density of states for Pd(111) (—) and 
the closed triangular Pd trimer (—), open Pd trimer (—), 
dimer (—), paired monomer (NNN=6) (—), paired mono-
mer (NNN=3) (—) and isolated monomer (—) in Au sur-
faces. 
 
To distinguish these two possible explanations, we show 
the projected density of states (DOS) for each PdAux surface 
in Figure 16 and compare to Pd. The d-band center for Pd 
atoms in PdAux surfaces shows small and nonsystematic 
changes from closed and open Pd trimers (-1.511 eV and - 
1.514 eV, respectively) to dimers (- 1.538 eV), paired mon-
omers (-1.527, NNN = 6; -1.550 eV, NNN = 3) and isolated 
monomers (-1.580 eV). In contrast, the d-band center for 
Pd(111) is -1.714 eV.75 The d-band structure for all PdAux 

surfaces is narrow (fwhm ~ 1 eV), unlike Pd(111) (fwhm 
~2.5 eV). These calculations suggest that the narrow, free-
atom-like d-band structures calculated by Thirumalai and 
Kitchin for Pd, Pt, Ir, Rh and Ni single-atoms in Au, Cu, and 

Ag53 and measured by Greiner et al., for Cu single-atoms in 
Ag54 are properties of dilute alloys and not only  single-atom 
alloys: the narrow d-band structure emerges before reach-
ing the single atom limit. These electronic comparisons 
show that the dilution of Pd by Au causes changes both in 
the surface electronic and geometric structure, which affect 
rate and equilibrium constants for the elementary steps de-
scribed in Scheme 1. The electronic and geometric contri-
butions, therefore, cannot be fully decoupled for any cata-
lyst. The differences between the positions of the d-band 
centers of the PdAux surfaces shift minimally among the tri-
mer and monomer structures (Figure 16), however, these 
surfaces clearly expose geometrically distinct ensembles of 
Pd atoms.  Consequently, the changes in geometric struc-
ture correlate more strongly with differences in H2O2 selec-
tivity and activation barriers, which indicates that coordi-
nation of Pd atoms within these ensembles provide the se-
lective stabilization of transition states for H2O2 over those 
that form H2O.  As Pd atoms become increasingly isolated by 
Au, activation barriers for both H2O2 and H2O formation in-
crease, but transition states that cleave O-O bonds sense 
these differences more strongly because they exchange 
greater amounts of charge (i.e., form more bonds) with the 
surface. 
 
4.0. Conclusions 
Comparisons among steady-state rates for the formation of 
H2O2 and H2O, analysis of in situ X-ray absorption spectra, 
examination of ex situ infrared spectra of CO*-species, and  
quantum chemical simulations carried out on representa-
tive surfaces demonstrate that the isolation of Pd atoms 
within Au domains forms active sites that preferentially 
form H2O2 and exhibit selectivities that increase with the 
separation between monomeric Pd atoms at surfaces.  Elec-
troless deposition of Pd onto Au nanoparticles results in ui-
form ensembles of nanoparticles that give high selectivities 
towards H2O2 (> 60%) at Au to Pd ratios (Au:Pd > 18) that 
lead to materials with Pd-Pd coordination numbers nearing 
zero, as determined by in situ XAS and ex situ infrared spec-
tra of chemisorbed CO.  Further increases in Au to Pd ratios 
lead to greater selectivities that approach 100% for 
Pd1Au220.  Statistical arguments and vibrational Stark effects 
indicate that these increases reflect the loss of next-nearest 
neighbor Pd atoms (i.e., second coordination shell Pd). DFT 
calculations show H2O2 and H2O form by solvent mediated 
PET processes, which present lower barriers than plausible 
homolytic surface reaction on representative PdAux sur-
faces in water. These findings agree with steady-state raes 
measured as functions of reactant pressures and the re-
quirement for protic solvents for H2O2 formation. The 
mechanism and kinetically relevant steps for H2O2 and H2O 
formation remain consistent across Pd and PdAux catalysts. 
Measured H2O2 selectivities primarily depend on differ-
ences between ΔH‡ for parallel reaction pathways of a com-
mon surface intermediate (OOH*): reduction by PET to 
form H2O2 or a dissociative PET process that gives H2O. Ex-
perimentally determined ΔH‡ for both pathways increase 
with Au to Pd ratio but differ in their sensitivity to Pd isola-
tion.  These measured differences between ΔH‡ for H2O2 and 
H2O formation correlate strongly with DFT calculations of 
activation energies for the corresponding processes. These 
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results indicate that both nearest and next-nearest Pd at-
oms stabilize transition states that dissociate OOH*, how-
ever, the formation of H2O2 seems to only depend upon the 
identity of nearest neighbor atoms.  The different structural 
sensitivities of these steps predominantly reflect the num-
ber of surface atoms required to bind the transition and 
product state of these pathways.   
Interpretation of these findings suggest that increased se-
lectivities of H2O2 on AuPd catalysts described here (and in 
prior reports) largely originate from resulting geometric ar-
rangements of Pd and Au atoms within active site ensem-
bles and not from interatomic charge transfer, suppression 
of PdHx formation, or from changes in the reaction mecha-
nism.   Furthermore, measurements presented here demon-
strate that careful synthesis of these dilute Pd atoms on sur-
faces of Au nanoparticles produces catalysts with an un-
common combination of high H2O2 selectivities and high 
stabilities in pure water.  These materials represent a sig-
nificant advance in the development of catalysts for the di-
rect synthesis of H2O2 and suggest strategies for new cata-
lysts compositions and structures.  
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